Summary Radiographs and spinal bone mineral density (BMD) were evaluated from 342 elderly men regarding possible effects of diffuse idiopathic skeletal hyperostosis (DISH) on vertebral fractures and densitometry measurements. Prevalent vertebral fractures were more frequent among men with DISH compared to men with no DISH even after fracture prevalence was adjusted for BMD. Paravertebral calcifications should be considered in patients with DISH when interpreting BMD measurements because both dual X-ray absorptiometry (DXA) and quantitative CT (QCT) densitometry may not be reliable. Introduction The purpose of this study is to evaluate the prevalence of DISH in older men and its association with vertebral fractures and with BMD determined by DXA and QCT. Methods Lateral radiographs of the spine were analyzed in a sample of 342 men aged ≥65 years participating in the MrOS Study concerning the presence and grade of DISH and vertebral fractures. Lumbar BMD was measured by both DXA (areal, grams per square centimeter) and QCT (volumetric, grams per cubic centimeter). The association between DISH, BMD, and presence of fractures was studied using χ 2 and t tests. Results DISH was present in 52% (178/342) of the men. Men with DISH were older (mean, 75.1 vs 73.3, p<0.05) and more likely to have prevalent fractures (28% vs 20%, p<p=0.09). BMD assessed with DXA (1.08 vs 1.00 g/cm 2 , p≤0.0001), but not with QCT (0.11 vs 0.11 g/cm3, p=0.65), was significantly higher in men with DISH compared to men without DISH. Significantly lower BMD of men with both DISH and fractures compared to men with DISH but without fractures was only detected by QCT (−25%, 0.09 vs 0.12, p<0.05). Both DXA BMD and QCT BMD were significantly higher in severe lumbar DISH (+22% and +31%, p<0.0001), respectively. Conclusion DISH was associated with a higher prevalence of vertebral fractures in elderly men. Lumbar ossifications related to DISH should be considered when interpreting BMD measurements to predict their fracture risk.
Introduction
Diffuse idiopathic skeletal hyperostosis (DISH) is a skeletal disorder of unknown etiology described in the elderly and characterized by abundant bone formation, ossification, and calcification of connective tissue in spinal and extraspinal sites. The vertebral findings were first described as "senile vertebral ankylosing hyperostosis" by Forestier and RotesQuerol [1] . The concept of DISH was later extended by Resnick et al. [2] to also include extraspinal manifestations. The prevalence of DISH ranges from 4% to 35% and varies across different study populations investigated and the diagnostic criteria used [3] [4] [5] .
Spinal manifestations of DISH consist of craniocaudally oriented paravertebral and paradiscal bone formation and osteophytes with a predilection for the anterior longitudinal ligament. Spinal ossifications can be extensive and may lead to esophageal stenosis or neurological disorders. Controversy exists about the implications of vertebral ossifications for the mechanical stability of the spine. It has been suggested that the fused segments are more prone to fracture even after minimal trauma [6] . On the other hand, different studies have shown consistently higher bone mineral density (BMD) in patients with hyperostosis, implying a lower fracture risk [7] [8] [9] . All of these previous studies were performed with dual energy X-ray absorptiometry (DXA), which measures two-dimensional areal BMD as a sum of all attenuating tissues in the beam projection. Flowing ossifications may lead to overestimation of BMD values by DXA, limiting evaluation of fracture risk in these patients. It is not clear what BMD to expect in trabecular bone when measurement is performed using quantitative computed tomography (QCT), which allows separate measurement of trabecular bone and cortical bone of the spine in three dimensions, not influenced by surrounding osteophytes.
Knowledge of fragility fractures and BMD in association with DISH is limited. The goals of this study were to evaluate the prevalence of DISH in association with presence and absence of vertebral fractures and to analyze BMD determined by DXA and QCT in relation to vertebral DISH and fractures.
Materials and method

Study participants
A total of 342 participants were randomly selected from 5,995 men 65 years or older participating in the prospective multicenter, observational Osteoporotic Fractures in Men (MrOS) Study; details of MrOS have been published previously [10, 11] . The baseline examinations were performed from March 2000 to April 2002 at six clinical centers in the United States: Birmingham, AL; Minneapolis, MN; Palo Alto, CA; Pittsburgh, PA; Portland, OR; and San Diego, CA. Briefly, the inclusion criteria included: (1) ability to walk, (2) absence of bilateral hip replacement, (3) ability to provide self-reported data, (4) residence near a clinical site for the duration of the study, (5) absence of a medical condition that would result in imminent death, and (6) ability to understand and sign an informed consent. The protocol and consent forms for MrOS were approved by the institutional review boards at each of the participating institutions. All participants provided written informed consent.
Imaging and image analysis
Lateral radiographs of the thoracic and lumbar spine were available in all 342 participants at baseline. Thoracic radiographs were centered at T7 and lumbar radiographs at L3. All radiographs were reviewed in consensus by two radiologists experienced in musculoskeletal radiology (TML, 20 years of experience; GD, 4 years of experience).
Assessment of DISH
Two scoring systems were used to diagnose spinal DISH from T4 to S1: (1) Resnick et al. [2] defined DISH as the presence of four or more vertebral bodies with continuous ossification of the anterior spinal ligaments and absence of degenerative disc disease. (2) Mata et al. [12] developed a scoring system to grade DISH from 0 to 3 based on ossifications at each disc space level, where 0 is defined as no ossification, 1=ossification without bridging, 2=ossifi-cation with incomplete bridging, and 3=complete bridging of the disc space. Additionally, a grade 4 was introduced for severe ossifications and extensive bridging of more than 1 cm thickness. Presence of DISH was defined according to Mata as a grade of 2, 3, or 4 at three or more consecutive disc space levels.
To analyze the association of lumbar DISH-related ligamentous ossifications in the lumbar segments on DXA and QCT measurements, the men were separated into three subgroups by summarizing the total Mata scores from each lumbar segment L1 to L3: no relevant lumbar DISH=Mata score 0-3, moderate lumbar DISH=Mata score 4-6, and severe lumbar DISH=Mata score >7.
Assessment of vertebral fractures
Fracture status of T4 to L5 was assessed semiquantitatively on the lateral radiographs as described by Genant et al. [13] . Vertebral fracture deformities were graded as 0=none, 1= mild (20-25% reduction in vertebral height), 2=moderate (25-40% reduction in vertebral height), and 3=severe (>40% reduction in vertebral height). Vertebral deformities grade 2 and grade 3 on the baseline radiographs were defined as prevalent vertebral fractures only when osteoporotic endplate depression with or without typical appearance of wedge or biconcave shape was present. Vertebral deformities that were judged most likely of lytic or posttraumatic origin were classified separately.
Bone mineral density measurements As previously described, areal BMD measurements in grams per square centimeter of the L1-L4 were obtained using the same model fan beam dual-energy X-ray absorptiometry machine at all clinical sites (QDR 4,500 W, Hologic Inc., Bedford, MA) at baseline [14] . Quality assurance with review of the DXA scans was performed at the coordinating center on random subsets of scans and on problematic scans identified by technicians at the centers. Among the 342 lumbar DXA scans, measurements of a single vertebra were excluded in five participants due to poor image quality; the BMD values of the other three vertebrae were used to calculate mean lumbar BMD.
Trabecular BMD was analyzed using volumetric QCT scans according to methods previously described [15, 16] . QCT scans were available from 192 subjects (56%) because study resources at baseline supported QCT among two thirds (3,785) of the cohort [17] . Briefly, hydroxyapatite equivalent densities in grams per cubic centimeter were obtained at baseline to measure BMD of the lumbar vertebrae L1 and L2. All scans were obtained using a standardized protocol and calibration standards. Scan range was from 5 mm above the L1 superior endplate to 5 mm below the L2 inferior endplate at scanner settings of 120 kVp, 150 mA, 1-mm slice thickness and 512×512 matrix in spiral reconstruction mode. All scans were transferred to the coordinating center for central quality review and image processing. The trabecular BMD of the central vertebral body was calculated by using semicircular 3D ROIs in the 10-mm slice in the mid-vertebra section encompassing about 70% of the central vertebral body as proposed by Lang et al. [15] . If either the L1 or L2 values were set to a missing value, BMD was calculated at the other level.
Other measurements
At baseline, body weight and height were measured in participants wearing indoor clothing with shoes removed, using a standard protocol and regularly calibrated equipment. Weight and height were used to calculate the body mass index (BMI; kilogram per square meter).
A self-administered questionnaire was used to obtain information on demographic characteristics, lifestyle factors, and medical history. History of diabetes mellitus was obtained from self-report of diabetes diagnosed by a physician. Men were asked about their history of cigarette smoking, including ages at initiating and quitting and pack years of smoking was computed from their responses. Current alcohol consumption was reported and quantified in terms of usual drinks per day using an interviewer-administered questionnaire.
Also, severity of degenerative disc disease (DDD) was separately graded for the thoracic and lumbar spine from the radiographs as grade 0=none, 1=mild (minor osteophytes), 2=moderate (large osteophytes, significant disc space narrowing), and 3=severe (absence of disc space, significant sclerosis). The prevalence of Scheuermann's disease, scoliosis, and ankylosing spondylitis was assessed using the typical imaging features as previously described [16] .
Statistical analysis
Descriptive statistics of the study group and prevalence of DISH and vertebral fractures were calculated. Distributions of baseline characteristics among participants with and without DISH were compared using χ 2 tests for categorical variables and t tests for continuous variables. BMD values derived from DXA and QCT measurements were compared within subgroups by t tests and linear regression analysis. The influence of age and BMI on BMD was assessed with linear regression analysis and on fractures with logistic regression analysis. χ 2 test was used to assess the association between fractures and lumbar DISH status. Agreement between the Mata and Resnick procedure was assessed with Kappa statistics. We used multivariable log-binomial regression models to estimate prevalence ratios (PR) and their 95% confidence intervals (CI) as the measure of association between DISH and the prevalence of vertebral fractures [18, 19] . For each definition of DISH (Mata criteria, Resnick criteria) the PR are reported first with adjustment for age and DXA BMD and second with additional adjustment for BMI, diabetes history, and smoking pack years. For comparison, the PR were also estimated using QCT BMD among the 192 men with baseline QCT scans. PR greater than 1.0 indicated increased fracture prevalence among men with DISH compared to men without. The statistical analysis was performed with SPSS, version 17.0, for Mac (Chicago, IL) and SAS, version 9.2 for windows (Cary, NC).
Results
Prevalence of DISH
The mean age of these men was 74.2 years (range, 65-91 years; SD, 6.1 years). The overall prevalence of DISH was 52% using the Mata criteria and 38% using the Resnick criteria (Table 1) . Men with DISH were on average older and heavier than men without DISH. Diabetes history, smoking pack years, and current alcohol consumption varied little according to DISH status. Forty-nine of the 178 men (28%) classified positive for DISH using the Mata criteria were negative for DISH according to the Resnick system (κ=0.72, p<0.05). Among the men diagnosed with DISH using the Mata criteria, vertebral ligamentous calcifications were predominantly present at the thoracic spine with a peak between T8-T10 (Fig. 1a) . The upper thoracic spine and the lower lumbar spine were less commonly affected.
Bone mineral density measurements and fracture prevalence Overall, lumbar spine BMD measurements by DXA were nearly 10% higher in the DISH group defined by either the Mata or the Resnick criteria (Table 2 ). For example, by the Mata criteria, mean DXA BMD was 1.08 ± 0.19 g/cm 2 among men with DISH compared to 1.00 ± 0.16 g/cm 2 among men without DISH. In contrast, mean QCT values did not differ significantly according to DISH status. Vertebral fracture prevalence was 1.4 times greater among men with DISH (28%) compared to men without DISH (20%) using the Mata criteria; however, using the Resnick criteria, fracture prevalence did not differ materially according to DISH status. In the multivariable regression analyses, vertebral fracture prevalence remained about 1.5 times greater among men classified with DISH by the Mata criteria compared to men without DISH (PR = 1.5; 95% CI, 1.0-2.2) when adjusted for DXA BMD. In the analyses restricted to men with QCT BMD, the magnitude of the PR was similar, but the 95% CI were wider presumably because of the decreased sample size. The PR indicate that variation in BMD, age or other factors did not account for the positive association between DISH and fracture prevalence. In contrast, DISH classified according to the Resnick criteria was not associated with vertebral fracture prevalence.
Characteristics of vertebral fracture
Vertebral fractures were primarily grade 2 and 3. Among men with vertebral fractures, 28% (23/83) had two vertebral fractures and 8% (seven out of 83) had more than three fractures. Other vertebral deformities not counted as fractures were uncommon; seven men (2.1%) had posttraumatic deformities and three men (0.9%) had deformities likely due to degenerative disease. Lytic lesions were found in two men (0.6%).
In the 50 men with DISH who had fractures, 70% (35/ 50) were localized at either T12 or L1 while most other fractures occurred at the lumbar spine (Fig. 1) . This distribution of spinal fracture sites was similar to that seen in men without DISH.
Interrelationships of DISH, bone mineral density measurements, and fractures Lumbar spine DISH according to the Mata criteria were as follows: 123/178 (69%) subjects showed no relevant signs of lumbar DISH, 34 (19%) had moderate, and 21 (12%) severe lumbar ossifications at the L1-3 levels (Table 3 ). To further explore the association of DISH and vertebral fracture, we used linear regression to quantify the relationship between lumbar DISH severity and densitometry (Table 3 ; Fig. 2 ). Men with moderate and severe lumbar DISH had an average DXA BMD score that was 0.12 and 0.23 g/cm 2 higher than those with no lumbar ossifications (+12% and +22%, both, p<0.0001), respectively (Fig. 2a) . When assessed by QCT, BMD values were also higher for each grade of severity, but only differences between severe vs no lumbar DISH were significant (+0.033 g/cm 3 , +31%, p< 0.0001) (Fig. 2b) . Within the DISH subgroups, fracture prevalence was not associated with the grade of lumbar DISH; 30% (37/123) of the men with DISH with no lumbar manifestation had vertebral fractures, 24% (eight out of 34) of those with moderate lumbar manifestation had fractures, and 24% (five out of 21) of those with severe lumbar manifestation had fractures.
Among men who had both DISH and fractures, mean QCT BMD values were 25% lower than men with DISH, but no vertebral fractures when assessed by QCT (0.09± 0.03 vs 0.12±0.04, p<0.05), and 5% lower BMD when assessed by DXA (1.04±0.16 vs 1.10±0.19 , p=0.057) ( Table 4) . QCT measurements also showed 18% lower BMD values in DISH subjects with fractures compared to non-DISH subjects without vertebral fractures (0.09±0.03 vs 0.11±0.03, p=0.178), whereas DXA results showed slightly higher BMD values in men with DISH and fracture compared to men without DISH and fractures (1.04±0.16 vs 1.01± 0.16, p=0.061). Logistic regression analysis revealed that increasing DXA BMD by one point was associated with a decrease in the odds of fracture by 0.8 (p<0.05.) similar to the 0.76 decrease in odds of fracture associated with increasing QCT BMD by ten points (p<0.05).
Other spine conditions
Mild DDD was observed in the thoracic spine of 97 (29%) men and in the lumbar spine of 70 (21%) men, moderate thoracic DDD in 23 (7%), and moderate lumbar DDD in 63 (19%). Severe thoracic DDD was observed in two (1%) men and severe lumbar DDD in 40 (12%) men. Only 17 (5%) had signs of Scheuermann's disease and one (0.3%) of ankylosing spondylitis.
Discussion
Both DISH and vertebral fractures were common in this cross-sectional study of older community-dwelling men. Almost 50% had DISH and almost 25% had at least one vertebral fracture. Vertebral fractures were more common in men with DISH assessed with the Mata criteria. Although men with DISH were more likely to have vertebral fractures, BMD values measured by DXA were significantly Results of lumbar densitometry in the DISH subgroup (total n=178) according to severity of lumbar hyperostosis (according to Mata score [12] ) Fig. 2 Boxplots of BMD values obtained with DXA (a) and QCT (b) in relation to severity of lumbar DISH. Severity of lumbar manifestations of DISH-related paravertebral calcifications were graded using the Mata score for the segments L1-L3. Mata score 0-3 was graded as no lumbar DISH (n=123), Mata score 4-6=moderate lumbar DISH (n =34), and Mata score >7=severe lumbar DISH (n=21). * Significant differences higher in DISH subjects compared to participants without DISH. Only QCT and not DXA showed lower BMD when comparing DISH subjects to those without DISH in groups with and without vertebral fractures. When assessing the association of densitometry with osteophytes at the site of measurement, both QCT and DXA values were significantly higher in subjects with severe lumbar ossifications. The positive association of DISH with vertebral fracture prevalence was independent of variation in BMD or other factors (Fig. 3) . The prevalence of DISH in our study is comparable to data reported in the literature, but prevalence estimates vary widely and vary with the classification system used and the population investigated [1, 3, 4, [20] [21] [22] [23] . Kim et al. studied nearly 3,600 Korean men and women and found a low prevalence of DISH of only 2.9% using the Resnick criteria [4] , possibly because the Korean men were about 10 years younger (mean age, 64 years) than the present cohort and of both genders. Other studies of younger men and women also found prevalences ranging between 2% and 4% [3, 20, 21] . The higher prevalence of DISH reported here is likely due to the subjects' older age and the fact that we only investigated men. For unknown reasons, DISH is up to seven times more common in men than women [4, 22] . Other studies, including only men report similar high prevalences of up to 30% [1, 23, 24] .
It must be noted that the prevalence of DISH crucially depends on the classification criteria. In our study, the difference between the diagnosis of DISH according to the Mata or Resnick criteria may be partly explained by the fact that the Resnick criteria only classify segments with continuous ossifications as DISH while incomplete bridging between two vertebrae is sufficient to diagnose DISH according to the Mata criteria. This discrepancy affected 49 participants with only moderate manifestations of ligamentous ossifications, which were positive for DISH according to Mata while they were negative according to the Resnick criteria. To reduce the error in diagnosing and grading DISH, all radiographs were read by two experienced radiologists in consensus. It has been shown that interrater agreement is excellent when using both the Mata system (intraclass correlation coefficient >0.83) or the Resnick system (κ=0.93) [12, 25] .
This study attempts to determine how DISH is related to the prevalent vertebral fractures and to additionally quantify Patients with ankylosing spondylitis showed significantly lower BMD measured by DXA at the lumbar spine and hip [26] while the opposite was found for patients with DISH [7, 8] . The expected findings were previously illustrated in a case report of a man with severe lumbar DISH who had high DXA BMD values, which were interpreted as false negative because the same patient's distal radius BMD showed osteoporosis [9] . Higher DXA BMD values of the lumbar spine and hip were also reported in a study of 132 women with DISH [8] . In another study, individuals with spinal ligamentous ossifications also had higher BMD values of the peripheral skeleton [7] . The present study also shows that lumbar DISH is associated with higher BMD assessed DXA and QCT, suggesting that paraosseous calcifications in DISH may also affect trabecular BMD of the vertebrae in QCT measurements. On the other hand, overactive bone formation may occur in the trabecular bone as well. In earlier studies, high BMD observed in patients with DISH was assumed to signify a lower fracture risk [8] ; however, our findings suggest that men with DISH may have denser but more fragile bones leading to fractures. This result is difficult to comprehend as bone stability and fracture risk closely correlate with BMD. Therefore, other factors must explain reduced vertebral stability in subjects with DISH. Our results indicate that age, BMI, diabetes status, and smoking pack years do not explain the association of DISH and fracture prevalence. Thus, mechanical factors may provide a possible explanation. One possible explanation may be the ossification of the paraspinal ligaments, which reduces elasticity and impairs biomechanical competence, makes the spine more susceptible to biomechanical stress. Similar observations were made in ankylosing spondylitis, which is associated with a higher risk of vertebral fractures while the risk of peripheral fractures is not affected [27] .
A possible clinical implication of our results is that patients with DISH of the lumbar spine should not undergo spinal BMD measurement with either QCT or DXA, as the findings appear to be of little value. As DISH primarily affects the spine, QCT measurement instead can be performed in the distal radius [28] ; however, there is evidence that the increased fracture risk of the ankylosed spine is primarily attributable to changes in biomechanical properties [27, 29] . This is why the prediction of the risk of fracture using BMD measurement in extraspinal body sites remains to be confirmed by further studies.
The pathogenesis of abnormal bone growth in DISH is not fully understood. It has been hypothesized that factors such as obesity, type 2 diabetes, drugs, and other metabolic disorders contribute to DISH pathogenesis [30] [31] [32] . An association of DISH with diabetes mellitus is not supported by our data. This was also reported from Sencan et al., who neither found significantly different prevalences of diabetes between DISH patients and controls [33] . BMI values in DISH and controls in a Hungarian study were similar to our data [21] .
The present study has several strengths, including a large sample, multicenter community-based cohort, and standardized measurement of BMD by DXA and QCT and evaluation of DISH and vertebral fractures by specialized radiologists. Because this is a cross-sectional study, we cannot assume causality for the associations observed here. We did not use T-scores for a variety of reasons. First, T-scores are dependent on a reference population, and they were not determined in the standard data set of the MrOS Study. Second, T-scores are not established for QCT measurements. Therefore, we used the actual BMD values as a reference for comparison of the densitometry techniques investigated. Also, this is a cross-sectional study, and the temporal relation between DISH and the occurence of vertebral fractures cannot be determined. Prospective studies are needed to determine wether DISH is a risk factor for subsequent vertebral fracture. Changes in biomechanical properties increase the risk of vertebral fractures but may also be associated with fractures of DISH-related osteophytes. Osteophyte fractures may also occur alone; however, a reliable diagnosis of fractured osteophytes requires an examination of the spine with CT or magnetic resonance imaging. We therefore did not analyze osteophyte fractures in the present study.
In conclusion, the results of this study demonstrate that (1) 52% of the elderly men in the study population had DISH, (2) vertebral fractures are more frequent among men with DISH, and (3) severe lumbar ossifications increase both QCT and DXA measurements. These results may have substantial implications for patient care because both DXA and QCT densitometry of the lumbar spine may not be reliable to assess fracture risk in the presence of DISH and because DISH may prove to be a new and previously unrecognized risk factor for fracture on older adults, particularly men.
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